The conventional serial sectioning analysis and a set of modern stereological methods, including disector, selector, point-sampled intercepts, point-sampled area, and their combinations, have been used in this paper to measure the grain size, grain size distribution, topological parameters and their distributions in a spacefilling single-phase grain structure of steel. The results from different methods are compared and used to evaluate the methods quantitatively, based on which some suggestions will be given for selection of experimental methods in materials stereology research.
INTRODUCTION
There have been significant advances in both theoretical and practical stereology especially since Sterio (1984) proposed to use disector for unbiased estimation of number and size of arbitrary particles in 3D space. By centering on the design of sampling strategies, the disector method first dropped all inherent assumptions about the particle shape in previous analysis methods, then the point-sampled intercept and some other methods followed. Several related monographs related can be easily found elsewhere (e.g., Cruz-Orive and Weibel, 1990; Weibel, 1992; Liu, 1993; Gokhale and Deshpande, 1994; Kurzydlowski and Ralph, 1995; Howard and Reed, 1998) .
However, applications of these new methods in materials science and engineering are not common. Srinivasan et al. (1991 and 1992) , Kurzydlowski and Bucki (1992) used the point-sampled intercept method to estimate volume-weighted grain size and grain size uniformity in polycrystalline materials. Vonder Voort and Gokhale (1992) also discussed the point-sampled intercept issue. However, the materials scientists do not prefer to use volume-weighted distribution to characterize microstructures.
The disector method does provide valuable information of number-weighted means of grain size and topology. Karlsson and Cruz-Orive (1992) first used the disector to evaluate the size and numbers of discrete pores existing in aluminum. In order to determine the size and number of space-filling grains in materials or space-filling cells in biology, Liu et al. (1994) modified the counting rules of the disector for discrete particles. They further combined their modified disector analysis with the point-sampled intercept method to obtain more quantitative information on both the number-weighted and the volume-weighted size distributions for space-filling grains. Yu et al. (1998) further demonstrated the reliability and objectivity of the point-sampled intercept method, the point-sampled area method and the disector method when applied to space-filling polycrystalline materials, and proposed methods for converting the volume-weighted distribution data into number-weighted ones.
As mentioned above, the new group of designbased stereology methods has been found useful for microstructure quantification at limited levels. It seems that the conventional serial sectioning analysis may still be necessary if a more detail quantitative description of the microstructure is required (as summarized in Table 1 ). It is the purpose of this work to give a critical review and experimental assessment on the applicability and the objectivity of these unbiased design-based stereology methods for spacefilling polycrystalline structures by applying simultaneously all these methods to the same specimen.
MATERIALS AND EXPERIMENTAL METHODS
The specimens analyzed were the same as the samples 3S and 3M used by Yu et al. (1998) , and were prepared by standard metallographic procedures. Microscopic examination on three mutually perpendicular surfaces of the samples showed that the microstructures are essentially isotropic and that the grains are nearly equiaxed. Conventional planar metallographic analysis revealed that the mean linear intercept grain sizes for the 3S and 3M samples are 32 and 42 µm, respectively. The sample 3S (Fig. 1) is used here to get a general idea about the applicability of different stereology methods including serial sectioning analysis, while the latter for modern unbiased design-based methods only.
By obtaining 100 sections about 3 µm apart, totally 1292 contiguous grains in the sample 3S were individually measured by using conventional serial sectioning method. The parameters measured include:
The volume V and the number of faces F, edges E, and corners C of individual 3D grains and their corresponding means such as N v (number-weighted) and V v (volume-weighted), and F , E , C ;
The number of grains per specimen volume N V ; the number of grain faces F V, edges E V, and corners C V per volume;
The coefficient of variation CV N (v) , the kurtosis CE N (v) , and the skewness CS N (v) of the numberweighted grain volume distribution;
The coefficient of variation CV V (v), the kurtosis CE V (v) , and the skewness CS V (v) of the volumeweighted grain volume distribution;
The coefficient of variation CV N (F), the kurtosis CE N (F) , and the skewness CS N (F) of the numberweighted grain face number distribution; and so on.
The number-weighted mean number of sides of grain faces in 3D space, n . It has been experimentally proved that such amount of sampled grains is adequate to obtain reliable information on grain volume distribution and to estimate grain topology distribution (Liu and Yu, 1999) .
The detailed procedure of disector method applied here is the same as proposed by Liu et al. (1994) . To ensure statistically representative results, at least 2000 grain transects in each sample were sampled by the unbiased counting frame on one section and checked for their appearance on another section, and the total volume sampled was about 8x10 -11 m 3 per sample. The parameters measured
The point-sampled intercept method was used here to estimate the volume-weighted grain volume, V v , as proposed by Gundersen and Jensen (1985) . It is an absolute requirement for the estimation that the point-sampled intercept lengths are measured in an isotropic uniform random direction with respect to the grains. Combined with the disector method, the coefficient of variation of the number-weighted grain volume distribution was obtained:
When the point-sampled area method was used here to estimate the 2 nd moment of the volume-
following relationship was applied (Jensen and Sorensen, 1991) : 
The volume, number of faces, edges, and corners of each grain can be determined individually by using the serial sectioning analysis.
Combining the point-sampled area and the pointsampled intercept methods, we obtained the coefficient of variation of the volume-weighted grain volume distribution:
By applying the disector, the point-sampled intercept and the point-sampled area methods to get N ν , V ν , and 2 V ν , respectively, we calculated the skewness of the number-weighted grain volume distribution without applying serial sectioning analysis, according to the following equation (Gundersen and Jensen 1985) :
The selector method proposed by Cruz-Orive (1987) was also used in this work for the estimation of N ν . Firstly, certain amount of grains is sampled with identical probabilities using a disector of unknown thickness. Secondly, the volume of each sampled grain is unbiased estimated by means of the point-sampled intercept method on their grain transects.
RESULTS AND DISCUSSION
All the experimental results obtained are summarized in Tables 2, 3 , and 4, as well as in Fig. 2. One can quantify the microstructure at different levels with different combinations of information and data. For example, the quantification at different metric quantification levels; or, the quantification of both the metric and topological global and mean properties; or, the quantification of distributions of grain size and topology, with both the values of characterization parameters and the plots of the whole frequency distribution curves shown.
For example, Table 2 lists the results of the number-weighted mean grain volume N v and those mean topological parameters C , E , F , n , along with the global topological parameters N V , C V , E V , and F V for the sample 3S. Obviously, both the disector and the serial sectioning methods can estimate these parameters well. If one needs to quantify the microstructure at this level with such a combination of parameters, the disector method is already adequate. Compared with the serial sectioning analysis, the disector improves the efficiency significantly. One reason is that the number of the dependent section planes needed has been significantly reduced, another is that it is no longer necessary to give an individual identification number to each grain as in the serial sectioning analysis. Another main advantage of the disector is that nothing is assumed about the grains to be counted except the fulfilling of a general requirement, i.e. it is possible to unambiguously identify different isolated grain sections belonging to the same grain on the section plane.
When a much more detailed quantification of the grain volume distributions is required, as summarized in the first line of Table 3 , the serial sectioning analysis is indispensable, since the disector method tells nothing about the distribution of grain volumes or grain topology. To date, no single modern unbiased stereology method, or even a combination of such methods, is found able to provide simultaneously all the four basic parameters of the number-weighted grain volume distribution: V ν ,
CV N (v), CE N (v), and CS N (v)
. This is also true for the distributions of topological parameters of grains, or for the volume-weighted grain volume distribution. The serial sectioning method does the jobs well, with the frequency distribution curves also available, as plotted for the steel sample 3S in Fig. 2 . Tables 3 and 4 that almost all the other parameters can be obtained by modern design-based stereology methods. It can be seen in Table 3 that the estimates of all parameters obtained by using the disector, the selector, the point-sampled intercepts, and the point-sampled areas or their combinations, are all in good agreement with those obtained by the serial sectioning analysis. Therefore, both the reliability and the precision of such measurements in polycrystalline materials have been illustrated.
The results show that V ν is always larger than N ν for a given sample (Tables 3 and 4) ; it is inappropriate to use V ν as an approximation of N ν .
The relative frequency distributions of the volume and the volume-equivalent sphere diameter of the 1292 grains in the sample 3S are shown in Figs. 2a and b, and the corresponding distribution of number of grain faces in Fig. 1d . All of them were determined by serial sectioning analysis. It can be seen from Figs. 2a and 2b that the grain size distributions are very typical as often found in materials science, and are better fitted to gamma distribution, rather than a lognormal distribution function. Fig. 2c also illustrates that the grain volume data do not fit the lognormal function well. This conclusion has been further supported by theoretical model-based calculations (Yu et al., 1998) . Table 3 . Experimental results of grain volume distribution parameters for the steel sample 3S. (1) + (2) 1.09
(2) + (3) 0.72
According to our experimental experience, the following considerations are important for the valid application of modern design-based methods concerned in this paper and for the objectivity of the experimental results in polycrystalline materials:
1. For valid application of such methods, it must be possible to identify possible different isolated transects belonging to the same grain on the section plane. Otherwise, systematic errors will be introduced. For example, possible multiprofile appearance of a grain in a section plane due to the concavity of the grain surface will lead to an underestimation of N v by using the disector and V ν by using the point-sampled intercepts.
However, it is found that the possibility that for an actual grain yielding more than one grain transects on a single metallographic plane is very low. Only 21 multi-profile transects belonging to 8 grains among almost 2000 grain transects were found in the serial sectioning analysis in this work. So it can be concluded that for the spacefilling grain structures investigated, this type of systematic error may be negligible. volume requires using three dimensional probes. If the distance between its two planes can be assessed accurately, then the disector method would be an excellent choice. Otherwise, the selector method is suggested. Not having to know the distance between section planes is an invaluable advantage of the selector over the disector. (v) , can be estimated on single, independent sections using the point-sampled intercept and the point-sampled area methods. Furthermore, the measurement can be conducted with high precision and automated by the use of automatic image analysis systems. Such kinds of data, however, are not preferred by materials scientists and engineers. Their usage is to be converted into number-weighted data, either using a combination of different unbiased methods as in this work, or using model-based converting methods (for examples, see Yu et al., 1998) .
Estimating the number-weighted mean grain
Finally it may be worth pointing out that the disector and the serial sectioning analysis require only uniform sampling of probes. The other methods, however, require isotropy in addition. 
CONCLUSIONS
1. Selected modern design-based stereology methods, including the disector, the selector, the point-sampled intercept, the point-sampled area methods and some of their combinations, were applied simultaneously to single-phased polycrystalline steel samples. The experimental results show that all the estimates obtained by using such techniques are in good agreement with those obtained by using the serial sectioning analysis. The reliability and the precision of such measurements in polycrystalline materials has been illustrated.
2. When a much more detailed quantification of the grain volume or topology distributions is required, especially when the plots of the frequency distributions are required, the serial sectioning analysis is still an indispensable tool.
3. The experimental results show that the numberweighted grain size distributions are better fitted to gamma distribution functions, rather than lognormal ones.
4. For different purposes in different research fields, the microstructure needs to be characterized quantitatively at different levels with different combinations of information and data. Even the so-called "simple, efficient" method consumes time and precious manpower. Never overuse the stereology methods when they are not extremely necessary.
A preliminary report of some of the data was presented at the Xth International Congress for Stereology, Melbourne, Australia, 1-4 November 1999.
